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ABSTRACT

Surveys off the Washington-Oregon coast by the Department of
Oceanography, University of Washington, from 1961 through 1963 have
provided salinity data for describing the Columbia River effluent in
the Northeast Pacific Ocean. The data also have provided insight into
the interactions between the observed distributions and the meteoro-
logical systems. ZEach salinity distribution is categorized into one
of four distinct seasonal patterns, mainly influenced by river discharge
and winds. The salinity distributions delineate the extent of the
influence of the Columbia River effluent in the Northeast Pacific
Ocean both horizontally with distance and vertically with depth. Also
shown and discussed are the mean wind patterns for the area during this
time period, their influence on the river outflow and their role in
the transport of the dilute surface waters. A method is described for
the prediction of the salinity distribution of the effluent from surface
wind data.
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INTRODUCTION

Since January 1961, the Department of Oceanography, University
of Washington, has been directing a research program to determine the
distribution of Columbia River water in the Northeast Pacific Ocean.

The salinity data from most of the cruises during 1961 through 1963

have been analyzed and selected features are presented here to describe
the observed distributions of the river effluent at sea and to establish
generalized seasonal patterns based on these distributions. Salinity

is convenient for defining the effluent distribution because it is
easily and precisely determined and the river effluent at all seasons
depresses the salinity of the seawater contiguous to the river below
that of the coastal and offshore ocean waters. The distribution of this
river water at sea is influenced in part by winds and river discharge
rates.

The area of study, the physical characteristics of the ambient
water structure, and other background information have been discussed
in detail by Budinger, Coachman, and Barnes (1964) in Technical Report
No. 99, hereafter referred to as T.R. 99. Additional data, beyond the
material presented here, in the areas of biological, geological, chemical,
and physical oceanography and meteorology recorded during the same period
are available in the data summations of each cruise. Other sources of
data and information related to the cruises are listed in the Appendix.
The observations and descriptions presented in this report are based
primarily on 35 Columbia River cruises (Table 1) conducted by this
department on the RV Brown Bear and the CNAV Oshawa in conjunction with
the Pacific Naval Laboratory and the Pacific Oceanographic Group of
Canada. Some additional data used in the interpretation were obtained
by Oregon State University's RV Acona and the MV John N. Cobb of the
U.S. Fish and Wildlife Service. Listed for each cruise in Table 1 are
the time periods covered, distances traveled, number of oceanographic
stations sampled, and subject areas of primary interest. Most cruises
of the Department of Oceanography have multiple objectives involving
various subfields in oceanography. These subfields are tabulated in
sequence of decreasing emphasis. Table 2 lists the technical reports
containing the original oceanographic station data from these cruises.

The presentation of a detailed analysis of the observed salinity
distributions for each cruise is considered beyond the scope and purpose
of this report. The salinity distributions are discussed, however, in
terms of four generalized seasonal patterns that largely are controlled
by wind and river runoff, and each cruise has been related to one of the
four seasonal patterns. The interpreted data incorporated in this
report are displayed by seasonal groupings rather than in sequence of
occurrence.



Table 1. Columbia River Cruises, 1961-1963

Columbia Ship Number of
River cruise cruise Nautical oceanographic
number number Period miles? stations Major purpose by rank
1961
1 BB 275 10-27 January 1685 67 Physical-chemical-biological
2 BB 280 7-24 March 1585 T4 Physical-chemical
3 BB 282 3-7 April 765 6 Cobb Seamount buoy test,
physical-chemical-biological
4 BB 287 8-24 May 1762 82 Physical-chemical-biological
5 BB 288 9-19 June 960 53 Physical-chemical-biological-
geological
6 BB 290 6-25 July 2300 77 Physical-chemical-biological
7 BB 291 28 July - 13 August 1700 28 Geological-biological-physical-~
chemical
8 BB 292 14-29 August 700 9 Drogue measurements, physical-
chemical-biological
9 BB 293 14 September - 20 October 4155 131 Physical-chemical-biological-
geological
10 BB 297 28 November - 18 December 2122 73 Physical-chemical-biological
1962
1n BB 299 23 January - 7 February 164L 97 Physical-chemical-biological
12 BB 304 27 March - 12 April 1775 89 Physical-chemical-biological
13 BB 308 7-19 June 959 79 Geological-physical-chemical-
biological
14 BB 309 20 June - 9 July 702 89 Biological-physical-chemical
15 BB 310 10-23 July 1506 31 Physical-chemical-biological
16 BB 311 2k July - 1b August 2300 15 Geological-physical-chemical
17 BB 312 1L September - 9 October 3840 158 Physical-chemical-biological-

geological



Table 1. (continued)

Columbia Ship Number of
River cruise cruise Nautical  oceanographic
number number Period miles® stations Major purpose by rank
1963
18 BB 318 27 February - 20 March 1965 106 Physical-chemical-biological
19 OSH 001 12-26 March 2240 70 Physical-chemical-biological
20 BB 320 28 March - 10 April 1430 39 Physical-chemical-biological
21 BB 322 16 April - 1 May 1767 o7 Physical-chemical-biological
22 BB 323 13-19 May 760 27 Physical-chemical-biological
23 BB 324 21 May - 4 June 1486 140 Physical-chemical
24 OSH 002 22 May - 12 June 3383 84 Physical-chemical-biological
25 BB 326 13-23 June 791 76 Physical-chemical-biological-
geological
26 OSH 003 17-30 June 2280 52 Physical-chemical-biological
27 BB 327 24 June - 1 July 634 7 Cobb Seamount buoy test,
1 physical-chemical
28 BB 329 8-19 July 1204 38 Biological-physical-chemical
29 HH 073 7-25 August 1457 11 Joint survey with BB 331
30 BB 331 12-24 August 956 63 Inshore survey-radionuclide
measurements, physical-
chemical-biological-geological
31 BB 332 24-28 August 625 10 Biological-physical~-chemical
32 BB 333 28 August - 1i4 September 1366 41 Geological-physical-chemical
33 BB 335 20 September - 26 October 3385 225 Physical-chemical-biological
34 BB 339 3-12 December 1033 67 Physical-chemical
35 OSH 004 10-20 December 1775 4 26 Biological-physical-chemical

%0ne nautical mile = 1.85 km.



Original Data Sources by Cruise

Department of Oceanography Date of

Ship cruise Technical Report number reference
Brown Bear 275 86 July 1963
Brown Bear 280 86 July 1963
Brown Bear 282 86 July 1963
Brown Bear 287 86 July 1963
Brown Bear 288 86 July 1963
Brown Bear 290 112 October 1964
Brown Bear 291 112 October 1964
Brown Bear 292 112 October 196k
Brown Bear 293 115 Vol. I December 1964
Brown Bear 297 115 Vol. II December 1964
Brown Bear 299 119 Vol. I August 1965
Brown Bear 304 119 Vol. II August 1965
Brown Bear 308 119 Vol. III August 1965
Brown Bear 309 119 Vol. IV August 1965
Brown Bear 310 119 Vol, III August 1965
Brown Bear 311 119 Vol. III August 1965
Brown Bear 312 119 Vol. V August 1965
Brown Bear 318 134 Vo1. I March 1966
Acona 6301-E (Biol. only) 134 vol. I March 1966
Oshawa OOl 134 vol. II March 1966
Brown Bear 320 134 vol. II March 1966
Brown Bear 322 134 vol. III March 1966
Betty A 001 (Biol. only) 134 vol. III March 1966
Brown Bear 323 134 vol. IIT March 1966
Brown Bear 324 134 vol. Iv March 1966
Oshawa 002 134 vol. v March 1966
Brown Bear 326 134 vol. VI March 1966
Oshawa 003 134 vol. VI Marech 1966
Brown Bear 327 134 vo1. Vv March 1966
Brown Bear 329 159 Vol. I
Hoh 073 159 Vol. I
Brown Bear 331 159 Vol. I
Brown Bear 332 159 Vol. I
Brown Bear 333 159 Vol. I
Brown Bear 335 I 159 Vol. II
Brown Bear 335 II 159 Vol. III
Brown Bear 339 159 vol., IV
Oshawa OO4 159 Vol. IV

L
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DESCRIPTION OF AREA

Columbia River Drainage Basin

The drainage basin of the 1930-km (1200-mile) long Columbia River
covers approximately 670,000 km? (259,000 statute mi®) (Fig. 1). The 85%
of this basin within the United States constitutes 7% of the nation's con-
tinental area. The crest of the Cascade Mountains divides the watershed
into two parts. The area west of the mountains discharges its water pri-
marily during the winter and supplies most of the water contributing to the
winter discharge peaks in the river flow observed at Astoria, Oregon (Fig. 2).
The higher mountains and the interior plateau, comprising the major portion
of the drainage basin, retain the winter precipitation as snow until the
spring thaw and then release the water to produce the principal annual dis-
charge peak of the river.

River Gaging

The volume of discharge of the Columbia River at The Dalles, Oregon,
is monitored and the resulting figures are published in The Weekly Runoff
Report for the Pacific Northwest by the Water Resources Division of the
U.S. Geological Survey. . Several of the major tributaries of the Columbia
River below The Dalles are also gaged and reported in the same source. A
technique for estimating the contribution of the ungaged rivers below The
Dalles from their watersheds, and the gaged rivers and their watersheds,
has been reported previously in T.R. 99. The following equation was taken
from this report and was used in the computation of the discharge curves in
Fig. 2.

Astoria _ The Dalles . [Willamette and } + F 'giggkzggt } (1)
discharge discharge 1 tCowlitz discharges: 2 {discharges ?

where Fy and‘F.‘2 are:

ian. Feb, Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.
Fl 1.95 2.05 1l.85 2.12 1.87 1.801.79 1l.72 1.60 2.06 1.86 1.37

F,

2,20 2.13 1.68 1.92 1.84 2,07 2.08 2.06 1.95 1.97 1.91 1.93

Comparisons of the calculated Astoria, Oregon, discharge of the Columbia

River from the preceding equation with discharge calculations made by the

U.S. Army Corps of Engineers (1960) indicate that the derived discharge,
equation (1), is in close agreement with the Corps of Engineers data (T.R. 99).
D. V. Hansen, Department of Oceanography, University of Washington, has

found that results from equation (1) also compare favorably with discharge
estimates made by the U.S. Public Health Service.

EBffluent Area

Surveys to determine the extent of the river effluent have covered an
ocean area of approximately 420,000 km?. Within this area the 32.5%/uo
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salinity isopleth has been taken as a practical boundary of Colunbia
River outflow water (T.R. 99). The typical locations of this limiting
salinity isopleth during the four seasons are shown in Fig. 1.

SATINITY DISTRIBUTION

Horizontal and Vertical Structure

The station locations sampled for seawater analyses are presented
in Pig. 3-22. These figures show the field of coverage -and density of
stations used in sampling for each cruise, and indicate the adequacy of
points on which the salinity isopleths are based.

Salinity (Fig. 23-42 and 45-79) is a practical parameter for dis-
tinguishing the Columbia River effluent from the ambient oceanic and
coastal waters of the northeastern Pacific. The temperature differential
between the river water and the oceanic water seldom is great enough to
show clearly the extent of the influence of the river effluent in the
oceanic environment. Figures 23-42 depict the horizontal distributions
of salinity at O, 10, and 20 m for each of the cruises that produced
enough physical and chemical data to warrant contouring. These three
depths represent the average depth zones in which major changes in the
salinity patterns of the water column proximal to the river occur. The
surface charts (O m) generally show the maximum horizontal changes in
salinity associated with the river effluent. The 10-m charts depict the
horizontal distributions of salinity at the approximate depth where the
stability (primarily salinity dependent) of the water column is maximum.
The 20-m charts show the horizontal distribution of salinity below the
zone of maximum stability and give an indication of the extent of influ-
ence of the river water in decreasing the salinity of the oceanic water
below the reference value of 32.5°/oo, The increase of salinity with
depth is slight near the surface, maximum at approximately 10 m, and low
again near 20 m. The zone of maximum stability deepens with increasing
distance fran the river mouth to a maximum of about 4O m. The isopleth
interval of salinity used in these figures is 1°/o. except where excessive
crowding, usually at the river mouth, requires a larger interval or where
nonuniformity in the salinity gradients requires an additional O.5°/oo
interval to clarify the distribution. The limiting 32.5°/co salinity
isopleth is shown as a dotted line; long dashes in the isopleths represent
uncertain location because of insufficient data. All isopleths have been
appropriately truncated in agreement with the field of data points.

Figures 43 and 44 show the location and orientation of the vertical
salinity sections (Fig. L45-79), which are based on the same cruise data used
for the horizontal plots. The interval between the solid lines is always
1°/o0. Where crowding of the isopleths occurs near the river mouth, the
salinity minimum has been indicated. The vertical distribution of salinity
is shown to 140 m which is well below the river halocline, and indicates
some of the salinity structure associated with the prevailing regional
halocline,



Seasonal Distributions

The plan and profile diagrams of salinity have been arranged in
groups possessing similar "seasonal" characteristics. Four distinctive
salinity distributions occur during the year corresponding roughly to the
seasonal periods: spring, summer, autumn, and winter. These periods are
more indicative of general meteorological conditions and river stage rather
than of precisely fixed times in the calendar year. During spring the
river discharge of snow melt increases, the winds change from southerly to
northerly, and a well-defined plume of river water develops and extends
southwest of the river mouth. A band of upwelled water develops along the
Oregon coast inshore from the river effluent.

In summer the river discharge decreases rapidly and the persistent
northerly winds extend the plume to the southwest. In the autumn period
the river discharge is still low but the winds shift to a southerly quarter
and increase over the area, reducing the size of the offshore plume. During
winter short periods of high river runoff accompany coastal precipitation
peaks and the effluent moves northward along the Washington coast under the
influence of predominant strong southerly winds. The period of transition
between the winter distribution and the spring distribution of the plume
is usually very brief and is considered part of the spring group. Table 3
shows groupings of the cruises based on these four periods during the year.

Table 3. Cruises Categorized by Season

Spring Summer Autumn Winter

BB 287 BB 288 BB 293 BB 275
BB 304 BB 290 BB 312 BB 280
BB 318 BB 291 BB 335 IT BB 297
OSH 001 BB 308 BB 299
BB 320 BB 32k
BB 322 OSH 002
BB 323 BB 326
OSH 003
BB 335 I

The groupings in Table 3 form the basis for the four generalized
salinity distributions of the Columbia River effluent shown in Fig. 80-83.
These interpretative composite figures were derived from data of many
cruises and do not represent particular cruise distributions. Each figure
serves as a stylized base against which observed distributions can be com-
pared. Such comparison should be helpful in determining the meteorological,
tidal, or river-discharge factors that cause distributions on an individual
cruise to vary from the generalized figures.
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Fig. 54. Vertical distributions of salinity (—— ..., 31, 32, 33°/oo;
--- 32.5°%/c0) for Brown Bear Cruise 288, sections A-D.
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SURFACE WINDS AND WATER TRANSPORT

Wind Program

Early in the program the considerable influence of the surface
winds on the motion and distribution of the river's effluent at sea became
evident. Consequently an attempt was made to determine the seasonal
trends in the surface winds over the entire project area and to explore
the association between the wind and the plume position and configuration.
A summary of the techniques and data pertinent to the relationship between
surface water motions and winds has been presented in T.R. 99. Some of
the material is repeated here for clarification and updating.

Since January 1961 twice-daily pressures, based on the 0000 and
1200 GMT charts of atmospheric pressure prepared by the U.S. Weather
Bureau at Seattle, have been determined for each of the eight grid points
(Fig. 84). The meridional and zonal components of both the geostrophic and
resultant surface winds, and the approximate surface motions of the water
in response to these winds, were calculated by computer methods from these
grid pressures. The computations entailed the determination of the geo-
strophic wind velocity aloft, rotation of this wind vector 15° to the left
of its dovnwind direction (Montgomery, 1936), and a reduction of the speed
by 30% (Gordon, 1950) to obtain a surface wind applicable to the standard
height of 10 m above the sea surface.

These 10-m resultant winds were averaged in monthly groupings over
the period 1961 through 1963 to produce a mean wind vector chart for the
three offshore grid areas (Fig. 84). Each vector in this figure was deter-
mined by averaging separately the speeds and direction of their movement
and therefore is not a true average resultant vector. The seasonal trends
of the 10-m winds over the project area and the variations in direction
and speed of these winds with latitude are apparent in this figure. Winter
winds are predominantly from the southwest, while summer winds are north-
west in the northern part of the area and north to north-northwest in the
southern part. The average winds change in direction over a 180° arc
from winter to summer and back to winter with no apparent abrupt shifts in
speed or direction. The mean wind vectors reflect the character of the
prevailing westerlies along this coast. The increase in the swing arc of
the winds in the southern area is associated with the seasonal location
of the predominant high-pressure ridge and the frontal activity that often
intersects the coast between the northern and southern limits of the
project area.

Figures 85-96 show the components of the monthly winds averaged over
the period 1961 through 1963 for each U5° of arc centered on the cardinal
and intercardinal points of the compass. Each wind rose is centered about
the midpoint of the grid that was used to determine the wind values, and
is divided into octants. The length of the bar represents the percentage
of the month during which wind blows outward from the center of the rose
in the direction of the bar. The concentric circles are both 5% of month
frequency levels and 5-knot speed increments. The small numbers printed
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along the bars represent the percentages of the monthly winds from the
given direction that fall within the designated 5-knot increments of
speed. The sum of these numbers should equal the total percentage indi-
cated by each bar, and the sum of the percentages indicated by the eight
bars equals approximately 100% of the month's winds. Any discrepancy
here from a 100% level is caused by the rounding off of numbers in the
computer program.

The bar graph with each wind rose shows the frequency, in percentage
of month, of the wind in 5-knot speed increments without consideration of
the direction. The frequency distribution of the wind strength through the
yearly cycle and the latitudinal variation of this distribution are dis-
cernible from these bar graphs. The bar graphs show the annual shift in
the frequency peak with the winds that normally increase in strength during
the winter and decrease in summer, especially in the northern and central
grids. The winds in the southern grid remain relatively strong in both
winter and summer.

Wind Transport of Surface Water

The surface winds (10 m) and the associated surface stress have
been used to estimate the transport of surface and near-surface waters.
The driving stress of the wind on the sea surface causes a surface current
that is directed approximately 45° to the right of the wind in the northern
hemisphere (Ekman, 1902; Rossby and Montgomery, 1935). The stress and the
surface water speed are expressed by the following:

lTI = pa/CE |W10|2 (2)

where : is the surface wind stress, Py is the density of air, C_ is the
dimensionless drag coefficient (Wilson, 1960), and W, is the 10-m wind
speed; and by

0.0131
v, - 08y (3)

Vsin §

where V_ is the speed of the surface current and ¢ is the latitude. The
constan% 0.0131 has been used in preference to 0.0127 erroneously reported
in T.R. 99 and was chosen after evaluation of 77,000 observations involving
equation (3) (T. F. Budinger, unpublished communication).

The zonal and meridional components of the net transports of the
near-surface water, the Ekman transports, are determined from the surface
stress through the equations

E f
x ="y (1)

Ey Tx/f

]

and

1

where Ty and T_ are the zonal and meridional components, respectively, of
the surface st¥ess and f is the Coriolis parameter. The net transport is
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independent of any change in eddy viscosity with depth, and is directed
approximately (in the northern hemisphere) 90° to the right of the wind

direction if all conditions required for pure Ekman drift are met. The
stresses are

Ty = PCp W2 + V2
and (5)

where U and V are the zonal and meridional components, respectively, of
Wi0¢ The Ekman transport, E, occurs from the surface down to a depth, D,
the depth of frictional resistance. Therefore if D is known it is possible
to determine an integrated transport velocity from E, since this transport
is through an area of 1 m width and D m depth.

The twice-daily wind calculations were used to compute the Ekman
transports for the project area using the above scheme. In accordance
with equations (4) and (5), Fig. 97 represents a rotation of 90° and a
change of scale of Fig. 8L, and shows the appropriate seasonal oscillation
in direction and magnitude of the mean Ekman transport as determined from
the mean monthly winds. The remaining transport diagrams, Fig. 98-109,
are counterparts of Fig. 85-96 in the wind section. These monthly mean
Ekman transport figures indicate the frequency in percentage of time and
magnitude of transport in the octants of the transport roses. The onshore
transport of the coastal water during the winter months and the offshore
transport to the south and southwest during the summer months are discernible
in these figures. The actual transport onshore is strongly affected by
the presence of the shoreline and is not truly of Ekman type, but to treat
most of the transport as an Ekman type should give a good estimate.

The bar graphs accompanying the transport roses (Fig. 98-109) show
the magnitude of the transports and the frequencies of their occurrence
without regard to their direction, in the same manner as the wind diagrams.
The nonlinearity between the scales of Fig. 85-96 and Fig. 98-109 is the
result of the dependency of the transport on the square of the wind speed.
The bar graphs are helpful in determining the differences in transport
with respect to latitude over the yearly cycle. Larger transport occurs
more frequently during the winter than in the summer. During the summer
the transport in the southern section exceeds that in the northern section.

The importance of the wind effect on the effluent distribution is
emphasized in Fig. 110, which shows the redistribution of near-surface
salinities caused by moderately strong northerly winds and increased river
discharge. These two distributions, based on data from the end of a Brown
Bear cruise and the beginning of an Acona cruise, occurred within a 20-day
period.

Currents in the Effluent Area

The sections in this report pertaining to wind-induced surface-
water drift have been based on the assumption that transport by wind is
the only mechanism available for producing surface currents. The dynamic
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height anomalies referenced to the 1000-decibar surface and the geostrophic
currents calculated relative to this surface were discussed in T.R., 99.

In the region under study the topography of the anomalies is very flat
with slopes of approximately 2 dynamic centimeters per 74 km (40 nautical
miles). There is same doubt as to the reliability of currents determined
from such flat topographies when the possible errors in determinations of
salinity, temperature, depth, and position are considered (Reid, 1959;
Leipper, 1959). The currents depicted by the topographies in T.R. 99 show
the same seasonal trends that are displayed by the local wind-driven trans-
ports, and it is suspected that the geostrophic currents are manifestations
of these long-term, generalized wind drifts in the local area superimposed
upon drifts generated by the wind systems acting over the entire ocean.

At present there are insufficient data to adequately separate the rela-
tively weak geostrophic currents into their oceanic and locally produced
components. The continuity of flow in the westward limits of the North
Pacific West Wind Drift and the periodicity of the geostrophic currents

in relationship to seasonal changes of oceanic and local scale would have
to be considered to determine these components.

Since the wind-driven transport suffices to describe qualitatively
the local geostrophic flow, only the Ekman transport has been considered
in this report and other sources of movement have been excluded. Tidal
currents and hydraulic flow from the Columbia River are important, but
are mainly near shore and are not considered in the offshore effluent
regions where detection of short-term variations is not possible because
of the sampling techniques employed.

WATER-PARTICLE TRANSPORT

Water-Particle Displacement Due to Ekman Transport

Ekman transport is expressed in units of metric tons of water per
second per 1 m width. Using 1.028 x 103 kg/m3 as the density of seawater
and dividing this into the transport, one obtains the number of cubic
meters of water transported per second per 1 m width. This latter value
divided by D, the depth of frictional resistance, yields an integrated
transport velocity for the column, which may be considered the velocity
of migration of the water if its only driving force is the wind. The
monthly averages of integrated transport velocities for 1961 based on the
above calculations are displayed in Fig. 36, page 56, T.R. 99. The value
of D chosen for these calculations was 40 m as this depth approximated
the lower boundary of the river effluent as defined by the 32.5° /oo
isopleth, Further considerations suggest that over much of the plume
area this depth is too great to sue in the velocity calculations.

The migration of water at the integrated transport velocity can
be used to determine the direction and extent that a known surface
salinity distribution will move with time. However, since this velocity
is sensitive to the choice of D, several test cases involving actual
shifts in the distributions of surface salinities were studied to deter-
mine if 40 m were a suitable D value to use in the analyses. Distributions
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determined from one cruise were carefully campared with distributions

from a successive cruise in an effort to trace distinet and definite
features of the distributions that might be common to both cruises, but
displaced by wind-induced transport. The displacement distance divided
by the time between cruises yields an approximation of the lowest velocity
required for the between-cruise migration, if it is assumed that the
feature followed the shortest path. The migration velocity derived from
the displacement and time between cruises is then equated to the average
of the wind-derived Ekman transport divided by D for the same period. A
first estimate of D is determined in this manner. This D is then used

in calculating the integrated transport velocities from the twice-daily
Ekman transports for the period. The twice-daily velocity vectors are
plotted to determine the trajectory of discrete points from the original
distribution., If the motions of the discrete points defining a particular

' feature were wind-driven only, then this feature should appear in the

position determined from the second cruise. If this feature falls short
of its goal in the allotted time interval, but travels in the correct
direction, although not necessarily in a straight line, then integrated
transport velocities are probably too small, indicating that the first
estimate of D was too large. If the water particle exceeds its goal in
the intervening time between cruises, then the velocities determined from
Ekman transport are probably too large or D is too small. If enough
suitable data are used, therefore, D can be evaluated as a best-fit
variable to the problem.

A theoretical D in the area of the effluent waters can be estimated
by another means. The D should be limited by the zone through which
viscous stresses cannot be easily transmitted. Since stress is directly
dependent upon the coefficient of eddy viscosity, it should reflect the
variations of this coefficient and become less or greater with a smaller
or larger coefficient. An empirical relationship between the coefficient
of eddy viscosity and the stability of the water column was developed by

Fjeldstad (Fjeldstad, 1936; Sverdrup, Johnson, and Fleming, 1942) and is

expressed by the equations.

A=1(z)/(1 + aE") (6)
do
B =103 L (7)

Equation (6) indicates that the coefficient of eddy viscosity, A, is
inversely proportional to the stability of E'. In the Columbia River
effluent area, station data indicate that do./dz or E' has its maximum
value at depths slightly less than 10 m in the nearshore area. This
tends to make the coefficient of eddy viscosity and the stress small at
very shallow depths rather than at the 40-m depth and imposes limits on
the depth to which the Ekman transport penetrates.

The table of depths of frictional resistance derived from the
stated cruise material (Table 4) shows the camparison of D values deter-
mined by two different methods. The D, values are the depths determined

by the depth of maximum stability, an B values are derived from the
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migration of recognizable features under the influence of the surface
winds over time periods separating two successive cruises. This latter

is the best-fit variable that causes the feature to move at the
required velocity.

"

Table 4. Depths of Frictional Resistance

Dy Dg

Data Source (m) (m)
Cruise Brown Bear 335 station 037 5
Cruise Brown Bear 333 station HOL 3
Cruise Brown Bear 335 station 065 9
Cruise Brown Bear 333 station Hi6 i
Cruise Brown Bear 335 station 028 22
Cruises Brown Bear 288 and Acona 6106 8
Cruises Brown Bear 287 and Brown Bear 288 20 -
Cruises Brown Bear 290 and Brown Bear 291 10

A dynamically valid relationship between D, and the stability of
the water column has not been established for the area in question as this
would require detailed measurements for the coefficient of eddy viscosity,
for velocity profiles, and of density in situ. The physical relationship
between stability, eddy viscosity, and the transmittal of stress in the
sea has been used as a guide in determining the zone beneath the sea
surface through which surface-originating stresses have difficulty in
passing. The depth of this zone, which corresponds to the zone of maximum
stability, is considered synonomous with D, the depth of frictional
resistance.

The area of investigations in the Columbia River project has two
major factors that modify the general conditions under which the classical
Ekman spiral is valid: the presence of a layer with great stability
lying from 5 to 20 m under the river effluent during the late spring,
summer and early autumn months; and the presence of the effluent as a
nearly homogeneous water mass held against the coast in shallow water
over the continental shelf during the winter months. Fjeldstad (1929)
investigated data gathered by Sverdrup (1929) and determined that wind-
induced currents in shallow water were affected by both stability and
bottom friction. In the first case, where the coefficient of eedy vis-
cosity decreases and stability increases with depth, the angles between
the wind vectors and the water-current vectors increase at all depths as
do the current velocities (Sverdrup, Johnson, and Fleming, 1942). Ap-
parently this results from the compression of the Ekman spiral and the -
decrease of D. In the second case, applicable to the winter distribution
-of winds and river effluent, the coefficient of eddy viscosity remains
nearly constant with depth as the total depth of water decreases toward
the coastal boundary. Under these conditions the angles between the wind
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vectors and water-current vectors, as well as the speed of the current,
decrease with increasing depth more rapidly than in the classical Ekman
spiral problem. The net transport of the effluent therefore is less than
90° to the right of the winter winds and produces a northward-setting
flow along the coasts of Oregon and Washington.

Detailed measurements, as suggested by Rossby and Montgomery (1935)
of winds, currents, and water properties are necessary to establish the
seasonal dynamic interactions between wind stress and water movement for
this particular area. An estimate of the integrated velocity from the
Ekman transport can be made, however, subject to the selected value for
D in the computations. The present data indicate that D increases going
away from the mouth of the river during the summer effluent distribution
pattern. At this season the equation approximating D in meters is as
follows:

D =5+ 0.067X (8)

where X is the distance from the river mouth in kilometers. This variable
D gives transport-derived velocities reasonably consistent with observed
migrations of identifiable parcels of water.

Prediction of Water-Particle Migration and Effluent Distribution During
Summer Months

Reasonable estimates of the direction and extent of water-particle
migration within the effluent for the period from spring to early autumn
can be obtained from the surface-wind transport calculations. A field
of points is selected within an area for which the surface salinity dis-
tribution is known and contoured. The mid-date of the cruise on which the
isopleths are based represents a starting time. The trajectory of each
point obtained from the twice-daily Ekman transport values divided by oD,
or from the surface current (equation 3), is determined and plotted.
These trajectories are continued for a period of time ending on the date
the new anticipated distribution is desired. The size of the wind grids
(Fig. 84) in the present analysis tends to make the points move along
similar path lines. A visual integration of these lines yields the
stretching axis of the effluent, which has been referred to in T.R. 99.
If the new salinity value at the terminal point of the trajectories is
determined, then the new predicted plume configuration can be contoured
through these terminal salinity values. The new distribution can be con-
sidered as representative of the effluent in its offshore margins after
the migration, but not as a substitute for a new set of measurements in
the area. This technique can serve as an aid in cruise planning, as the
results indicate where to seek the effluent waters in the offshore regions.
The method has not yielded information on the distribution of salinity
adjacent to the river mouth, as no values or points from upriver have
been available for prediction and the importance of tidal and hydraulic
flow invalidates the assumed Ekman transport.

In order to facilitate this prediction scheme, data from successive
cruises in the project area were analyzed for a method that would yield a
reasonable estimate of the change in salinity of a migrating particle.
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The mechanisms of dynamics of the system controlling the salinity change
were not investigated. However, experience and familiarity with the data
indicate that the surface salinity changes rapidly at first then more
slowly as the effluent blends into the offshore background water. Thus
the rate of change of salinity of the effluent depends upon the distance
from the river mouth, This suggests that time and velocity of travel of
the effluent might be used to estimate the salinity of a water particle
as it moves seaward. A gross assumption, based on average conditions
existing over considerable periods of time, can then be made that the
mixing processes occur at a constant rate at all times in the area. The
assumption requires that the salinity of the effluent water change as a
function of time only while the velocity ofmigration determines its
location.

Used with the above as a working concept, the following logarithmic
equation was fitted to the data (Fig. 111):

S = 21.2°/o0 + 6.7 (log,T) (9)

where S is the surface salinity, 21.2°/oo is an average surface salinity
near the river mouth, T is the transit time in days. The method for pre-
dicting the new salinity of a particle migrating under wind-induced motions
requires that equation (9) be used for determining differences in both time
and salinity. The original salinity value of the water to be wind-
transported is found on the curve (Fig. 111). This salinity and associated *
time are considered S, and T.. The number of days allowed for the migra-

tion is then added to T_ to 8efine a new T on the curve and the estimate

of the transient water's new salinity, S.

This method, while lacking sophistication, yields a reasonable
estimate for the change in salinity as determined from cruise data. A
combined program of geostrophic winds, Ekman drift, and salinity change
can be designed for computer analysis to give a simple first-order approxi-
mation of effluent distributions. Additional and definitive research into
the areas of the dependency of wind-induced water motions upon the strati-
fication and depth of water and the mechanics of mixing is needed to
clarify the complex relationships involved and to provide a better basis
for predicting the distribution of river effluent.

SUMMARY

Surveys off the Washington-Oregon coast by the Department of Ocean-
ography, University of Washington, from 1961 through 1963 have provided
salinity data for describing the Columbia River effluent in the Northeast
Pacific Ocean. The data also have provided insight into the interactions
between the observed distributions and the meteorological systems.
Considerable variation in river discharge and local weather conditions
occurs from year to year; however, four generalized seasonal distribution
patterns of the wind- and discharge rate-controlled effluent emerge to
form a cyclic pattern which is found in successive years: spring, in-
creased river discharge and winds shifted from southerly to northerly
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direction; summer, maximum river discharge followed by rapid reduction
in flow and predominantly weak northerly winds; autumn, minimum river
discharge and strong southerly winds; and winter, low to medium river
discharge and predominantly southern winds. The 32.5°/oo salinity iso-
pleth may be used to define the extent of the vertical and horizontal
influence of the river effluent. The horizontal shift of this boundary
is shown for the seasonal distributions.

The monthly trends and variations with latitude of the 10-m winds
over the project area are presented. The effects of these surface winds
on the motion and distribution of the river's effluent at sea are sum-
marized in the average Ekman transport diagrams.

The cause-and-effect relationships between the effluent distribution
and prevailing weather are not understood dynamically. Gross empirical
relationships can be used, however, to determine changes in the distribu-
tion of the effluent at sea in response to changes in the atmospheric
conditions.

Information from the wind analysis can be used to determine the
direction and extent of the shift of a known distribution pattern in
response to surface winds. Related to this shift of the water in response
to the winds is the change in salinity as the outflow mixes with the
oceanic water. An empirical relationship indicates that a time base and
original salinity may be used to estimate the salinity of the water as
it moves along its wind-driven course. The water particle's movement in
response to the wind and its change in salinity with time enable investi-
gators to construct a new distribution pattern for the effluent from an
earlier distribution pattern and winds during the intervening time.

Only a few questions concerning the distribution of the Columbia
River effluent at sea are answered by this report. The span of time
covered by the data is brief and data coverage is not uniform over space
and time. However, the material is sufficient to give considerable insight
into the seasonal trends in distribution and can aid those pursuing more
detailed studies in the area.
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